The paper examines the spatial distribution of air pollution in response to recent air quality regulations in Delhi, India. Air pollution was monitored at 113 sites spread across Delhi and its surrounding areas from July-December 2003. From the analysis of these data three important findings emerge. First, air pollution levels in Delhi and its surroundings were significantly higher than that recommended by the World Health Organization (WHO). Second, air quality regulations in the city adversely affected the air quality of the areas surrounding Delhi. Third, industries and trucks were identified as the major contributors of both fine and coarse particles.
Introduction
The soaring levels of air pollution that developed countries witnessed in the 1950s and 1960s have begun to threaten public health in the rapidly growing metropolitan areas of developing countries in recent years. As a result, developing countries, particularly in Asia, have begun to enforce air quality regulations, particularly in Asia. The conversion of commercial vehicles from diesel/gasoline to compressed natural gas (CNG) in Delhi, India, is just one example of such regulations (CSE, 2006) . Although there is an increasing interest in understanding of the impact of these regulations, the limited coverage of air pollution monitoring restricts our ability to assess the direct impact of these regulations because it requires air pollution estimates in pre-and post-regulation periods. Instead, three indirect methods can be exploited to evaluate the impact of these regulations, namely chemical transportation model, satellite remote sensing and a cross-sectional approach. The first two methods have been employed successfully to compute PM 2.5 and aerosol concentration (Tang et al., 2004; Wang and Christopher, 2003; Carmichael et al., 2003; Gupta et al., 2006; Kumar et al., 2007) , but at a coarse spatial southeastern resolution (>10 km). Therefore, the only alternate left would be a cross-sectional approach, that builds on the assumption that the air pollution levels and functional characteristics of the areas inside and outside of Delhi's border would be the same prior to the regulations, because urban sprawl has continued beyond the jurisdictional boundary of Delhi, especially in eastern, southeastern and southwestern parts. Therefore, the differences in the levels of air pollution inside and outside of Delhi's border during the post-regulation period could be attributed to the enforcement of the regulations inside Delhi. I know you are not looking for this type of advice, but this last sentence is really really long and thus very confusing. I would break it up into at least two parts; there are just too many commas.
Building on the cross-sectional approach, air pollution was monitored at 113 sites that were spread across Delhi and its surroundings from July-December 2003, i.e., the post-regulation period. Using these data, spatially detailed surfaces of PM 2.5 , PM 10 and Suspended Particulate Matter (SPM) were generated. The analysis of these data can help answer three important questions:
• Is the post-regulation air quality in Delhi and its surroundings adequate to protect human health?
• Does air pollution vary geographically in Delhi and in its surroundings?
• Have the regulations in Delhi adversely impacted the air quality of its surrounding areas, which were not subject to these regulations?
The proposed research addresses these three research questions and identifies different sources of PM 2.5 , PM 10 and SPM.
Although there are various measures of air pollution, we rely on PM 2.5 and PM 10 , as these are accepted as the standard measures of air quality by the World Health Organization (WHO, 2000 (WHO, , 2006 . The use of the term air quality/air pollution in the remaining parts of this paper will be referring to PM 2.5 and PM 10 measured by µg/m 3 . The remainder of this paper is organised into four sections. The first section presents a background of the proposed work, followed by a description of data and methodology in the second section. The third section examines the spatial distribution of air pollution in Delhi and its surrounding areas, and the impact of air quality regulations on the spatial (re)distribution of air pollution using three different approaches:
• a comparison of air pollution in Delhi with the other major cities from 2001 to 2005
• air pollution levels inside and outside Delhi's border during the year 2003
• air pollution distribution with reference to different sources (of air pollution) affected by the regulations.
The final section presents a discussion, concludes the main findings, and draws our attention to future research in the field.
Background
Rising smoke from chimneys, once a symbol of prosperity, began to pose serious threat to human health towards the middle of the 20th century. Alarming health effects of air pollution episodes in the 1950s, including that of smog in Donora, Pennsylvania, in 1948 , in Poza Rica, Mexico in 1950 , and the infamous London smog in 1952, not only drew public attention worldwide but also led to the enforcement of air quality regulations in western countries, such as the UK Clean Air Act of 1956 and the Air Pollution Control Act in USA of 1955, which was replaced by the Clean Air Act in 1963. Throughout the second half of the 20th century, air pollution and its health effects have been subject to intensive research scrutiny in developed countries. A substantial body of literature has documented the adverse health effects of various air pollutants. Over a decade ago, the major focus of research in this field was on the association between aggregate estimates of PM 10 and mortality (Pope and Dockery, 2006; Pope et al., 1995; Schwartz et al., 1995) . After controlling for seasonality and other confounders, the recent literature reiterates this association between mortality/morbidity and air pollution with the special emphasis on the relevance of PM 2.5 (Dominici et al., 2003; Samet et al., 2000; National Research Council, 2001 ). An extended review of literature on this topic is available in Davidson et al. (2005) and Pope and Dockery (2006) . While the health effects of air pollution in developed countries are examined at length, limited air pollution and health data constrain researchers' ability to pursue research in the field in developing countries.
According to the papers 39 (e), 47 and 48A of the Indian Constitution, it is the responsibility of the State to secure and improve people's health and protect the environment. The air quality in Delhi continued to deteriorate throughout the 1980s and 1990s despite the environmental laws were enacted during this period. Because of the government's failure to discharge its constitutional responsibility and growing public discontent over the unabated increase in air pollution, the Indian Supreme Court intervened and directed Delhi's administration to improve air quality by adopting such measures as the closure of polluting industries in non-conforming areas (generally residential land-use type) and switching commercial vehicles, particularly buses and autorickshaws, from conventional fuel (diesel/gasoline) to CNG. These regulations evolved over 15 years. A detailed discussion on the background of these regulations and its associated environmental laws is available in Bell et al. (2004) .
The air quality regulations in Delhi have drawn media attention worldwide. The review of literature shows that a few studies have examined the impact of these regulations on the temporal-spatial distributions of air pollution. Research by Kathuria (2002) and Khillare et al. (2004) is particularly relevant to this study. Using the data collected by high volume gravimetric samplers between July 1997 and June 1998 at four locations, Khillare et al. (2004) examined spatial and temporal variations in the concentration of SPM and heavy metals, namely cadmium, chromium, iron, nickel and lead in the atmospheric aerosols in Delhi. Their main findings revealed that the SPM concentration in Delhi was three times higher than the standards set by the Central Pollution Control Board (CPCB), i.e., 140 µg/m 3 . Their analysis further showed that
• the concentration of heavy metals and SPM were land-use specific. For example, they found elevated concentrations of SPM and heavy metals in industrial area
• the main sources of SPM and heavy metals (in ambient aerosol) were emissions from automobiles and industries.
While this research provides valuable insight into air pollution estimates in the pre-air-quality-regulation period, it is difficult to generalise spatial patterns of air pollution for the entire city using their data monitored only at four locations. Kathuria (2002) examined the impact of recent regulations, particularly related to vehicular pollution's impact on air quality in Delhi. Based on air pollution data from CPCB before and after the interventions, he concluded that recent CNG interventions have led to little improvement in air quality in the city. This research conveys two important points. First, the concentration of most air pollutants in Delhi was significantly higher than the WHO standards, for example the annual average SPM in Delhi was observed as 460 µg/m 3 during 1999-2001, which was 23 times higher than the new annual average standard recommended by WHO, i.e., 20 µg/m 3 (WHO, 2006) . Second, this study recommended that air pollution from vehicle emmissions be checked at three different stages:
• pre-combustion stage, i.e., improvement in the quality of fuel
• combustion stage, which refers to engine efficiency
• post-combustion stage, i.e., exhaust treatment, e.g., the use of catalytic converters.
The findings regarding the impact of CNG interventions on air quality can be questioned for two reasons. First, the conversion of commercial vehicles to CNG was completed by the end of the year 2002, but the data used in the analysis were from before 2001, which failed to capture the full effect of CNG regulations. Second, the analysis was based on air pollution data collected by the CPCB at a limited number of monitoring stations, which did not capture representative estimates for the entire city. As previously mentioned, few studies have examined the spatial distribution of air pollution in Delhi and its surrounding with reference to recent air quality interventions. Therefore, using spatially detailed air pollution data, this paper makes four important contributions to the literature. First, it will advance our understanding of the spatial distribution of air pollution in Delhi and its surroundings. Second, it will identify and characterise the main sources (of air pollutants) that could be targeted in the future. Third, the paper sheds light on how air quality interventions can guide the course of air pollution redistribution in a city in the presence of air quality interventions vis-à-vis areas in its surroundings, largely unaffected by such interventions. Finally, this research identifies the significance of Environmental Kuznets Curve (EKC) in the context of a developing country.
Study area, data and methods

Delhi and its surroundings
This study focuses on air pollution distribution in Delhi and its surroundings. Delhi and its ten neighbouring districts of three other states form the National Capital Region (NCR), which was enacted to divert the burden of Delhi's growth in the surrounding areas (Table 1, Figure 1) (DDA, 1996) . Delhi is the second largest metropolitan area in India, and its population has increased from 9.4 million in 1991 to 13.2 million in 2001 (at 3.34% annual exponential growth rate) (Census of India, 2001 ). The number of industrial units in Delhi increased from 8000 in 1951 to 125,000 in 1991, and number of automobiles increased from 235,000 in 1975 to 4,236,675 in 2003 (Government of India, 2006 . Prior to the regulations, Delhi was declared to be the 10th most polluted city in the world in terms of airborne SPM (Government of India, 2006) . In part, this laid the foundation of recent air quality regulations.
Delhi is an instructive location to study the spatiotemporal distribution of air pollution with reference to a series of rulings by the Indian Supreme Court. Of particular importance was the September 2000 ruling directed at the so-called 'non-conforming areas' (TERI, 2001a) . These are areas in which most of the industrial activities are supposed to be excluded, but in which industrial growth has continued unabated. The potential impact of these rulings is very large. According to a survey of the Delhi government, 98,000 of the total of 125,000 industries were in non-conforming areas. Subsequent to the decision, 38,000 establishments in sectors with particularly high levels of pollution were subject to this ruling. A large number of industrial plots on the periphery of the city were developed to house roughly 24,000 establishments. While this ruling has been met with substantial resistance and change has proceeded slowly, the ruling remains in force and concerted attempts were made to relocate industries (TERI, 2001b) . Source: Census of India (1981, 1991) The second Supreme Court ruling mandated the conversion of buses and three-wheelers from gasoline/diesel to CNG in 2000 and 2001. It took the state about two years to implement this ruling, and the final bus registered in Delhi was converted to CNG in December 2002 (Bell et al., 2004) . The conversion of a diesel-based engine to CNG was a costly proposition (Rajalakshmi and Venkatesan, 2001) . Therefore, most diesel-based commercial vehicles might have been migrated to the neighbouring states, largely unaffected by the CNG regulations. Moreover, it was anticipated that different parts of the region would have been differentially affected by these initiatives, given the differences in levels of traffic through these regions. Though these regulations were expected to reduce the pollution level in Delhi, we expect that the air pollution must have been redistributed, since most polluting vehicles and industries that were subject to these regulations might have migrated to the neighbouring states. Therefore, spatially detailed air pollution data and a cross-sectional comparison of air pollution in Delhi vis-à-vis outside Delhi's border can provide insight into the effect of these regulations on air pollution redistribution.
Data
The air pollution data for this research come from two different sources:
• CPCB
• a field campaign from July to December 2003.
Air pollution data from CPCB
Air pollution data for seven major cities were acquired from CPCB to construct the trend of air pollution in Delhi and other cities from 2000 to 2005. Data on sulphur dioxide (SO 2 ), nitrogen dioxide (NO 2 ) and PM 10 were collected. The PM 10 data are collected in three different shifts 6:00-14:00, 14:00-22:00 and 22:00-6:00 (of the following day) using filter-based high volume samplers. None of the CPCB facilities, however, was equipped to monitor PM 2.5 . Since the data on these pollutants are monitored continuously at a central location, readers should be cautioned about the representativeness of these data for the entire city, though the analysis of these data may provide some insight into the changes in air pollution with respect to air quality interventions.
Air sampling field campaign
Data on PM 2.5 , which have detrimental health effects (Johnson and Graham, 2005) , were not available from any sources, and the data on other pollutants were inadequate for evaluating the spatial distribution of air pollution due to their limited spatial coverage. Therefore, a field campaign was conducted from 23 July to 3 December 2003 to monitor ambient particles at 113 sites in Delhi and its surroundings. Since one of the major goals of the campaign was to evaluate spatial variability in airborne Particulate Matter (PM), a spatially dispersed sampling design was adopted, in which sample sites were identified using a two-step process. In the first, a rectangular grid was overlaid onto the entire study area to ensure full coverage of the area. In the second, a random location was simulated within each cell (of size 1 × 1.5 km), and then the simulated locations were transferred to a Global Positioning System (GPS) to navigate them and examine their suitability. Some sites, which were inaccessible, were discarded and re-simulated, resulting in a final sample of 113 suitable sites (Figures 2 and 3). At each site, air was sampled at two different times between 7:30 AM and 10:00 PM every third day. Each sample involved four readings -two each in mass and count modes. In the mass mode, each reading was based on 2 min of sampling and 1 min of sampling in (particles) count mode. In essence, air was sampled continuously for 6 min at a given site and given point of time.
The Aerocet 531, a photometric sampler, was used to collect air pollution data (Met One Inc., 2003) . It is an automatic instrument that can estimate the mass of particulates 1, 2.5, 7 and 10 µm in aerodynamic diameters in mass mode, and can record the number of particles 0.5 µm and 10 µm. The instrument works on laser technology and uses a right angle scattering method at 0.78 µm, which is different from the conventional gravimetric method. The source light travels at a right angle to the collection system and detector, and the instrument uses the information from the scattered particles to calculate mass per unit of volume. A mean particle diameter is calculated for each of the five different sizes. This mean particle diameter is used to calculate a volume (cubic metres), which is then multiplied by the number of particles and then a generic density (µg/m 3 ) that is a conglomeration of typical aerosols. The resulting mass is divided by the volume of air sampled for mass per unit volume measurement (µg/m 3 ). In the photometric sampler, error can stem from two different sources. First, some particles, especially elemental carbon, may not be visible to the sensor. Therefore, the photometric method can underestimate the mass of airborne particles. Second, particle size can inflate in the presence of high humidity, especially when the Relative Humidity (RH) > 40% (Thomas and Gebhart, 1994) , and based on the size of particles this instrument can overestimate the particle mass. This instrument has been employed to estimate aerosol concentration (Kumar et al., 2007; Gupta et al., 2006) . Since the duration and method of air sampling used by photometric and gravimetric samplers are different, PM 10 from Aerocet 531 was compared with that from gravimetric samplers (in Section 4.1) to evaluate the robustness of photometric samplers.
Data on meteorological conditions, particularly RH, and filter-based gravimetric samplers are required to validate and calibrate data collected using photometric samplers. Aerocet 531 recorded RH and temperature with every sample. A standard relationship between photometric and filter-based gravimetric measurements as discussed by Ramachandran et al. (2003) was used to calibrate the data for RH:
where D and D 0 are wet and dry particles, respectively. Sioutas et al. (2000) suggest correction for RH using different particle characteristics including molecular weight of dry particles. These data were not available from any source for the study area. Therefore, we had to rely on equation (1) to estimate dry mass of PM 2.5 , PM 10 and SPM. 
Data on the source of air pollution
This paper focuses on two main sources of air pollutants, namely traffic and industries. Data for traffic were collected along with the air pollution data. Number of vehicles were counted during each sample and then classified by type -heavy vehicles (including buses and trucks), cars, three-wheelers and others. Data on industrial clusters were generated from the Eicher Map of Delhi (EICHER, 2001) , in which land-use and land-cover were largely based on the Survey of India's large-scale topographic maps.
Methods
Our analysis is based on three different methods:
• proximity analysis for data integration
• spatial interpolation of air pollution surfaces
• regression modelling which are discussed below.
Data processing
As mentioned earlier, data were collected at each site at two different times every third day. On an average, we have more than 65 samples at each site, which adequately represent air quality at different times of a day and different days of a week. Each sample included two readings (the first 4 min of sampling in the mass mode). The data used in the analysis are the averages over 23 July through 3 December 2003. The frequency of vehicles is the average number of vehicles (by their types) every 1 min for the same period. Proximity to road and industrial cluster were computed using spatial join in ArcGIS Ver 9.x (ESRI, 2005), which computed the Cartesian distance of all sample sites to their closest sources (road and industrial clusters in our case).
Spatial interpolation
Various methods of interpolation are available to compute continuous surface. We employed Kriging, which estimates air pollution at a given pixel as an inverse function of distance weighted by spatial autocorrelation among the sample sites (Cressie, 1990; Isaaks and Srivastava, 1989) , to interpolate surfaces of PM 2.5 , PM 10 and SPM. Kriging uses a semivariogram, developed from the spatial structure in the data, to determine the weight. Another advantage of Kriging is that it yields a set of spatial predictions at sampled locations and also provides an associated variance that measures the uncertainty in the predictions. The optimal parameters, such as distance range, distance exponent, were computed by minimising variance between actual and estimated values at the sample sites (Table 2) :
where n: number of sample sites ( ) si z : estimated value at site (si)
observed value at site (si). The sill and nugget were computed using the automatic function within ArcMap to obtain the best fit for the semivariogram.
Air pollution and its sources: regression model
Two different sets of regression models were employed to examine the contribution of different sources (of air pollution) on the levels of air pollution observed at a sample site. In the first set, air pollution at a sample site (si) was modelled as a function of the selected covariates X (si) , which included proximity to the major roads, industrial clusters, frequency of buses and other heavy vehicles per minute, using an Ordinary Least Square (OLS) regression model:
where β is a vector of regression coefficients, and
In the second set, Spatial Autoregressive Models (SAM) were used because the error term (ε) observed a statistically significant spatial autocorrelation, which cannot be handled by the OLS models as the one of the main assumptions of the OLS is that
. Three different models, namely Conditional Autoregressive (CAR), Simultaneous Autoregressive (SAR) and SAM, were considered. In the first, the spatial dependence in the residuals is expected to have a conditional distribution, and joint distribution in the second. In the third (i.e., SAM), we could represent the residuals that are not explained in the OLS with a variable R(si), which can be composed of distance-weighted residuals of neighbours from the OLS model as in equation (1). This way, we would no longer need to assume dependency for the outcome variable. One of the advantages of this approach is that it is easily understandable. Another advantage is that we could avoid the problem of counterintuitive results in SAR and CAR as demonstrated by Wall (2004) .
More formally, assuming that the response variable is normally distributed, we could define the model as follows:
where
information not explained in the OLS : parameter coefficients
There are various ways to estimate R (si) . Institutively, R (si) can be estimated as an inverse distance weighted average of residuals at the neighbouring sites ( j ), as distance exponent.
The distance range (h) and distance exponent (ω) were estimated with the aid of empirical semivariogram. The distance range refers to the distance threshold where the semivariogram levels off to nearly a constant value, called as the sill, and the shape of semivariogram can help us determine the distance exponent. For PM 2.5 and PM 10 , distance ranges were 4.5 and 3.0 km, respectively, and distance exponent for both was −2, which means that the nearer neighbours were weighted heavily than the distant neighbours.
Analysis
Data validation: photometric and gravimetric measurements
Generally, high volume samplers are used to monitor ambient particles. The field campaign data, however, were collected using photometric samplers, which work on the laser technology and can monitor particles in real time. Gravimetric samplers, however, require a minimum of 8 h of sampling. Filters are weighed before and after the sampling, and based on the mass gained during the sampling period and the amount of air sampled, mass density (µg/m 3 ) is computed. Given the cost of gravimetric samplers, it was not plausible to deploy these samplers at a large number of locations. Therefore, real-time photometric samplers were used to monitor air quality at relatively large number of locations n~ 113. To assess the robustness of photometric samplers, estimates from these samplers were compared against those from gravimetric samplers at one site in Delhi located near the Income Tax Office (ITO), which is operational continuously.
During August to November 2003, the daily averages of PM 10 from CPCB site and our instrument were 203 ± 26.8 µg/m 3 and 153 ± 33.5 µg/m 3 , respectively. The photometric estimates were significantly lower than the gravimetric estimates. Given the differences in the method of operation and duration of sampling by gravimetric (24 h average) and real-time photometric measurements (6 min for each sample), a difference of 49.5 ± 31 µg/m 3 (95% CI) seems reasonable. In addition, the regression analysis suggests a statistically significant positive association in the temporal variability in PM 10 measured by both methods (Figure 4) . It was not possible to validate PM 2.5 because of the non-availability of PM 2.5 data from gravimetric samplers. Based on other research, however, the difference between photometric and gravimetric estimates is expected to be smaller for PM 2.5 than for PM 10 (Ramachandran et al., 2003) . Using the empirical relationship RH and particle size developed by Thomas and Gebhart (1994) , photometric estimates can be calibrated to gravimetric standards (Ramachandran et al., 2003) . 
Descriptive analysis
The levels of PM 2.5 and PM 10 in the study area were significantly higher than the standards recommended by CPCB, the Environmental Protection Agency (EPA) of the USA and WHO. According to EPA, the three-year average of PM 2.5 should be 15 µg/m 3 . The average value of PM 2.5 in Delhi over a five-month period was recorded as 28.2 ± 1.8 µg/m 3 (95% CI), and PM 10 and SPM averages were 157 ± 18.1 µg/m 3 and 189 ± 21.8 µg/m 3 , respectively (Tables 3 and 4 ). The summary statistics of the different sources of air pollutants is presented in Table 4 . Among automobiles, cars and non-CNG heavy vehicles recorded the highest (18.9 ± 3.5) and the lowest frequency (1.8 ± 0.2), respectively; the average distance to the closest industrial cluster was 2.4 ± 0.37 km. As mentioned above, 16 of the 113 sites were located within 3 km range outside Delhi border. The levels of PM 2.5 , PM 10 and SPM outside Delhi's were recorded as high as 33.4 ± 6.9 µg/m 3 , 213.1 ± 83.6 µg/m 3 and 250.3 ± 98.9 µg/m 3 as against 7.3 ± 1.7 µg/m 3 , 147 ± 14.9 µg/m 3 and 178.5 ± 18.3 µg/m 3 , respectively, for areas inside Delhi. It is evident from these results that the air quality outside Delhi border (but within its proximity) is significantly worse than that observed inside Delhi. An extended analysis on air pollution distribution with reference to proximity to Delhi's border is presented in Section 4.4.2.
Spatial pattern of air pollution
Figures 5-7 show the spatial distribution of PM 2.5 , PM 10 and SPM. The trend of spatial distribution is similar in all three maps, and two striking observations emerge from the visual exploration of these maps. First, the central areas of Delhi witnesses relatively lower concentrations of air pollution as compared with that observed in the peripheral areas, albeit the minimum concentration of PM 2.5 , PM 10 and SPM inside and outside Delhi being much higher than the WHO standards. The elevated levels of air pollution in the areas outside Delhi's border could be because of the absence of air quality regulations and in-migration of polluting industries and vehicles in these areas. Second, among industrial areas, Ashok Vihar, Sahibabad, Okhla and industrial areas surrounding Delhi-Gurgaon border (around the intersection of National Highway 8 with Delhi border) recorded high levels of the selected pollutants, which indicates that industries are likely to be an important source of PM 2.5 , PM 10 and SPM. 
Air quality regulations and air pollution
In the absence of spatially detailed time series data on air pollution for Delhi, we relied on three alternate approaches to evaluate the impact of air quality regulations on the spatial (re)distribution of air pollution. First, we compared air pollution levels in Delhi in pre- (2001-2002) and post-(2004-2005) regulation periods with that in other major cities, unaffected by any such regulations, for the same years. Second, we examined air pollution inside and outside Delhi's border, especially in the eastern and southern parts where urban growth has continued across Delhi's border. Third, we modelled air pollution with reference to different sources, especially those that were subject to these regulations.
Air pollution in Delhi and other cities
The daily estimate of SO 2 , NO 2 and PM 10 for the major cities were downloaded from CPCB's website (http://www.cpcb.nic.in/today.htm) from 2001 (Government of India, 2007 . In these cities, air pollution is monitored continuously at one station, generally located centrally. The CPCB employs a standard gravimetric (filter-based) method to estimate PM 10 . The average estimates of air pollutants were computed for the pre-and post-regulation periods and results of these calculations are available in Table 5 . Among all cities, Delhi recorded the highest levels of SO 2 , NO 2 and PM 10 during the pre-regulation periods, which undoubtedly indicated the poor state of air quality in the city prior to the regulations. The levels of air pollution in Delhi and its surroundings continued to be high even during the post-regulation period. A decline was noticed in both PM 10 and SO 2 ; the decline in SO 2 was statistically significant, but not in PM 10 , which lead us to conclude that the levels of PM 10 in Delhi have been consistent across pre-and post-regulation periods. Air pollution data for Mumbai were not available for the , 2001 ), witnessed the worst air quality in terms of three air pollutants -PM 10 , SO 2 , and NO 2 (Table 5) . Table 5 Ambient air pollutants in Delhi and other major cities 2001-2002 and 2004-2005 (µgm - 3 over a span of just four years. This clearly indicates that the enforcement of environmental regulations in Delhi have been working to stabilise the levels of air pollution. In Kanpur, however, the air quality has deteriorated significantly over a span of four years and this deterioration can be attributed to the absence of air quality regulations similar to what were imposed on Delhi.
Interpretation of these results should be used with caution, because PM 10 is not a robust indicator of air quality in a semi-dry climate where dust is a major contributor of PM 10 mass (Kumar et al., 2007) . Data on PM 2.5 are not available for any of the cities. Therefore, using a cross-sectional approach, a comparison of PM 2.5 mass (and other pollutant) inside and outside Delhi will be used to evaluate the impact of these regulations on air pollution redistribution.
Air pollution inside and outside Delhi border
As is evident from Section 4.2, bordering areas (both inside and outside) Delhi recorded relatively high levels of PM 2.5 and PM 10 . In this section, air pollutant is examined inside and outside Delhi border at different distance intervals. This can allow us to evaluate the effect of recent environmental regulations on air pollution redistribution. The main assumption behind the analysis, however, is that the air quality of areas bordering Delhi (both inside and outside) was same prior to the regulations, because urban growth has spread across Delhi's border in eastern, south eastern and southern parts (Figure 8) , and functional characteristics of these areas were expected to the same. Therefore, prior to the regulations, the sources and levels of air pollution should have been the same in these areas. Based on this assumption, we hypothesise that the differences in air pollution levels inside and outside short distances ( 2 km) can be attributed to air quality regulations.
The analysis of our data suggests that the levels of air pollution within 2 km outside Delhi's border were significantly higher than the areas inside 2 km of Delhi's border, and the ratio of outside to inside air pollution declines with distance from the border in both directions (Table 6 ). This proves our hypothesis and demonstrates the differential impact of regulations inside and outside Delhi border. While the regulations, namely conversion of buses to CNG and closure of polluting industries, were expected to improve the air quality in Delhi, these regulations seemed to have adversely impacted the air quality of areas outside Delhi border, because these areas are suspected to have attracted a large number of polluting industries and vehicles that were subject to the regulations. From our analysis, it is evident that the air quality of these areas is very likely to deteriorate further in the absence of air quality regulations. 
Sources of air pollution
The main assumption behind this analysis is that if the sources of air pollution have been subject to environmental regulations, proximity to these sources should not show any significant association with the levels of air pollution (monitored at spatially dispersed sites). In the study area, there are three main sources of air pollution, namely industries (including three thermal plants), automobiles and cooking (Government of India, 2006; Elsom and Longhurst, 2004) . Among these, only diesel buses and autorickshaws were converted to CNG and a limited number of polluting industries faced closure. To examine the impact of these interventions, spatial distribution of air pollution was examined with respect to sources of air pollution, namely frequency of different types of vehicles (particularly buses and trucks) and proximity to industrial clusters. Two different set models were examined:
• in the first set, the impact of air pollution sources was examined on PM 2.5 and PM 10 inside and outside Delhi (Tables 7 and 8) • in the second, PM 2.5 and PM 10 were regressed on the selected sources of air pollution using OLS regression model and spatial autoregressive model ( Table 9 ).
As hypothesised, the frequency of buses, which were converted to CNG (during 2001-2002) observed an insignificant association with PM 2.5 and PM 10 , particularly inside Delhi. In contrast, the frequency of non-CNG heavy vehicles emerged as the most important predictor of both PM 2.5 and PM 10 (Figure 9 (a) and (b)); it explains 21% and 12% of the total variability in PM 2.5 and PM 10 , respectively (Table 7) . Among other sources, proximity to industrial clusters, measured by Cartesian distance, emerged as the second most important predictor of PM 2.5 and PM 10 (Figure 9 (c) and (d)) and proximity to road shows a significant positive association with PM 10 , but its association with PM 2.5 was statistically insignificant. This means that dust could be one of the major constituents of PM 10 . The results of our analysis support that the combustion from the heavy vehicles (except CNG buses) and industries were two major contributors of PM 2.5 in the post-regulation period (Nagendra and Khare, 2003) . These two sources together explain about one-third of the total variability in PM 2.5 (Table 9) . Absolute value of t statistics in parentheses. *Significant at 5%. **Significant at 1%. Absolute value of t statistics in parentheses. *Significant at 5%. **Significant at 1%. 
It is interesting to note that the regression coefficient of the frequency of non-CNG heavy vehicles is stronger outside Delhi when compared with that inside Delhi (Tables 7 and 8 ). The impact of proximity to industrial cluster on PM 2.5 and PM 10 , however, was stronger inside Delhi. The frequency of buses did not register a significant association with PM 2.5 , but showed a significant negative association with PM 10 inside Delhi and a positive association with PM 10 outside Delhi, because buses not registered in Delhi were not subject to CNG regulations, and hence these buses in the areas outside Delhi were diesel-based and hence could be an important contributor of PM 2.5 . Our analysis further suggests that the sources that were subject to CNG regulations have done their job, but non-CNG heavy vehicles, industries and addition of a large number of private vehicles (cars) continue to be the major sources of PM 2.5 in the study area. Another important thing that emerges from our analysis is that PM 10 shows a statistically significant spatial autocorrelation, because coarse particles settle by gravity as distance increases and fine particles stay aloft longer distances and for longer duration.
From the air quality interventions in Delhi, we can learn a number of lessons. First, these regulations clearly indicate how an independent judicial branch in a democratic society can enact environmental laws, generally reserved to legislators and specialised regulatory bodies of the executive branch, and direct the executive branch to enforce these regulations when political will fails to do so (Bell et al., 2004) . Second, until recently it was believed that EKC, which maps the course of environmental pollution as an inverted U-shape function of economic growth, was applicable to western countries (Krupitsky et al., 2005; Stern, 2004) . Developing countries, however, have begun to address environment pollution in recent years (Dasgupta et al., 2002) . Delhi, which has enforced two major environmental regulations in recent years, is an example of these attempts. The similar CNG regulations are being enforced in Lahore, Pakistan (The Hindustan Times, 2004) . These interventions are expected to reverse the increasing trend of air pollution in the City, and its entry in the second phase of EKC, in which air pollution declines, to a certain level, with the positive economic growth. Although the validity of EKC in terms of econometric precision in air pollution-economic growth association is questioned (Stern, 2004) , the general idea behind it is still relevant for both developed and developing countries. Now the question before us is to investigate whether the EKC will follow the same course of air pollution (in relation to economic growth) as it did in developed countries. Although this topic is beyond the scope of this research, it will be useful to pursue the application of EKC in Delhi for future research.
Recent air quality interventions were expected to improve air quality in Delhi. But the analysis of our data does not support a significant improvement in air quality in terms of the levels of PM 2.5 and PM 10 within Delhi, which is consistent with the results reported in Narain and Krupnick (2007) . Our analysis further reveals substantial spatial variations in air pollution inside and outside Delhi border. Air quality interventions are most likely to have two major impacts on air pollution (re)distribution inside and outside Delhi. First, closure of H-Class industries -hazardous, noxious, heavy and large polluting -in non-conforming areas resulted in either their relocation to newly developed industrial estates, namely Bawana Industrial Estate in North and Kanjawala in North-West or their migration to the neighbouring states, which were not subject to these regulations. As a result, air quality at the destinations of these polluting industries (whether within the regularised industrial estates in Delhi or outside Delhi) has been adversely affected.
Second, most non-CNG buses that were subject to the regulations are suspected to have moved to the neighbouring states. Therefore, the areas surrounding Delhi have served as a magnet to attract polluting industries and vehicles in the absence of air quality regulations, which could be responsible for high levels of PM 2.5 , PM 10 and SPM in the areas outside Delhi. Polluting industries, particularly, prefer proximity to the city and less stringent environmental regulations. A cross-sectional analysis of data indicates that the elevated levels of PM 2.5 , PM 10 and SPM in the areas outside Delhi could be the result of differential impact of these regulations inside and outside Delhi. Although air pollution levels in most parts of Delhi and its surroundings were significantly higher than the standards recommended by WHO, EPA and CPCB, areas nearing Delhi's border (±2 km) witnessed significantly higher levels of PM 2.5 , PM 10 and SMP when compared with those observed in the central parts of the study area.
Two important findings emerge from this paper. First, the conversion of buses to CNG seems to be working, as the frequency of buses does not show any significant association with PM 2.5 or PM 10 , particularly inside Delhi. Second, non-CNG heavy vehicles and industries appear to be significant contributors of ambient air pollution, particularly that of PM 2.5 , product of combustion in urban areas. The proximity to industries and frequency of non-CNG heavy vehicles together accounted for one-third of the total variability in PM 2.5 . It seems that land-zoning and CNG regulations on commercial vehicles except buses and autorickshaws were not enforced vigorously. In addition, a large number of private vehicles (including diesel cars) are being added every year (Waldman, 2005) . Therefore, emission reduced by the CNG regulations could have been offset by the addition of new vehicles (Narain and Krupnick, 2007) and unchecked emission from industries and non-CNG heavy vehicles.
While stringent regulations are required to check air pollution from industries, non-CNG heavy vehicles and private vehicles (such as cars) within the city, areas surrounding Delhi also need to enforce the similar regulations vigorously; otherwise, unabated increase in air pollution in these areas is likely to have severe health consequences. In addition, there is also a need for spatially detailed longitudinal data for effective air quality monitoring and management, because the limited sites in Delhi alone are not sufficient to estimate spatially detailed air pollution surfaces and air quality surveillance. The use of real-time photometric samplers and satellite remote sensing are two substitutes for collecting spatially detailed time-series data (Kumar et al., 2007) , which are critically important for computing exposure in micro-environments to study the health effects of air pollution.
